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PREFACE 


The Federal Water Pollution Control Act Amendments of 1972 
charter the Environmental Protection Agency (EPA) to provide a 
water quality surveillance system for monitoring the quality of 
navigable waters , ground waters , the contiguous zone , and the 
ocean. This Act also specifically charges the EPA to utilize 
the resources of the National Aeronautics and Space Administra- 
tion (NASA), to the extent practical, to provide such a system. 
Accordingly, the Director, Surveillance and Analysis Division, 

EPA Region II, initiated a joint effort with NASA to evaluate 
the use of NASA's new technique for rapidly detecting coliforms 
in the coastal waters adjoining the New York Bight. The goal 
of this effort was to aid EPA in developing technology for an 
operational system to monitor total and fecal coliforms in waters 
that lie within the jurisdiction of Region II. The following 
tasks were identified to meet the program objectives: 

TASK 1 - 8- CHANNEL ELECTROCHEMICAL COLIFORM DETECTOR UNITS 

Establish a data base using laboratory and field evaluation 
of the unit in order to fcompare with standard methods for total 
coliform measurements . One unit was furnished to the EPA 
Region II Laboratory, Edison, New Jersey, for a 2-week shipboard 
evaluation in the New York Bight area. NASA provided personnel 
to operate the unit and analyze sensor data during the evaluation. 
EPA personnel performed standard method tests . Continuation of 
this effort and subsequent tasks delineated in this plan were 
at the discretion of EPA upon completion of evaluation of the 
2-week test results. 

TASK 2 - FECAL COLIFORMS MEASUREMENT STUDIES 

Determine the optimum detector design for measuring fecal 
coliforms in saline waters for operational systems. This task 
was implemented as follows : 

(a) Research grants were initiated to study the effects 
of temperature and salinity on the electrochemical/organism 
interface performance. EPA provided funding for this task. 

In addition, EPA implemented this study under the technical 
guidance of NASA. 

(b) NASA performed concurrent in-house studies to aid the 
grantees in delineating the effects of temperature and salinity 
on fecal coliforms . 
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(c) The results of the studies given in Task 2(a) and 2(b) 
were used to define the optimum sensor design for monitoring fecal 
conforms in saline water. 

TASK 3 - EVALUATE REMOTE SAMPLING PLATFORMS 

Remote sampling platforms to measure total and fecal coliforms 
in situ were evaluated and information was transmitted to a base 
station. This evaluation was performed in conjunction with EPA 
in local waters adjacent to the NASA Langley Research Center. 

The task was implemented as follows: 

(a) Assembled and checked out platforms, sensors, electronics 
and base station unit. 

(b) Performed 1-month test to monitor total and fecal 
coliforms in water adjacent to the NASA Langley Research Center. 
Test results were analyzed and documented, and appropriate 
design modifications implemented, as required. 

(c) Additional tests were implemented as specified jointly 
by EPA and NASA. EPA provided support to deploy and retrieve the 
platform and personnel to perform standard method tests. Test 
site location within EPA Region II area was Caven Point, New 
Jersey. NASA provided the base station equipment in order to 
communicate with the platform. 

TASK 4 - EVALUATE REMOTE SAMPLING PLATFORM IN THE EPA REGION II 
AREA 

NASA refurbished one sampling platform and delivered it to 
EPA. The platform sensor was modified for demonstration purposes 
to incorporate the capability to measure fecal coliforms in 
saline water. This platform was evaluated by EPA and NASA. 

NASA provided personnel to operate and maintain the unit for a 
2-week demonstration test. EPA provided support and personnel to 
perform standard method tests. Test site location within the 
New York Bight was determined by EPA subject to the NASA speci- 
fied design constraints of the platform. NASA provided the base 
station equipment in order to communicate with the platform. 
Additional evaluation was at the discretion of EPA with consulta- 
tion by NASA. 

Tasks 1, 3, and 4 were implemented under EPA Interagency 
Agreement IAG-D6-0930 and are reported in references 2, 3, and 4. 
This report describes the results of task 2 and is in fulfillment 
of the Interagency Agreement between NASA Langley Research Center 
and the Environmental Monitoring and Support Laboratory (EMSL) , 

Las Vegas (EPA-IAG-D7-0053) . 


The work reported herein was accomplished through two 
grants: Virginia Institute of Marine Science was awarded a 

grant to evaluate salinity and temperature as stress factors 
affecting the enumeration of fecal coliforms by the 
electrochemical detection of molecular hydrogen. A second 
grant was awarded the University of Virginia for optimization 
of waterborne collform sensor for saline water. 
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ABSTRACT 


This report presents the results of two research programs 
to determine the optimum detector design for measuring fecal 
conforms in saline waters for operational systems. One program 
was concerned with the effects of temperature and salinity on 
endpoint detection time and the other, the interaction between 
electrode configurations and the test organisms. 

Test results show that the endpoint response time is 
related to salinity and seawater temperature; however, these 
results can be minimized by the correct choice of growth media. 
Electrode configurations were developed from stainless steel, 
Parlodion -coated stainless steel and platinum that circumvented 
problems associated with the commercial redox electrodes. 
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SECTION 1 


INTRODUCTION 

The principal biological indicator of water polloition is the 
presence of coliforms. In the 14th edition of Standard Methods 
for the Examination of Water and Wastewater (ref. 1), the approved 
methods for coliform analysis are the most probable number (MPN) 
and m^brane filtration (MF) tests. Both laboratory tests are 
laborious and time-consuming, requiring 24-96 hours to complete 
the MPN test, and 24 hours for the MF test. In view of the 
increased interest in United States water resources and the ever 
present threat of fecal contamination, increased emphasis has 
been placed on the development of automated in situ systems, 
rather than laboratory methods, to meet the extensive surveillance 
required to maintain coliform standards. 

Recently, Wilkins et al. (ref. 2) described a technique for 
detecting bacteria based on the time of hydrogen (Ho) evolution. 

The principle of the- electrochemical method is outlined in figure 1. 
Briefly, it consisted of a reference electrode and a platinum 
Blectrode connected to a strips chart recorder, A typical dose response 
curve consisted of a lag period, a period of rapid buildup in 
potential due to hydrogen, and a period of decline in potential 
(figb. 2 and 3). A linear relationship was established between 
inoculum size and the time hydrogen was detected (lag period) ; it 
was shown that, for example, one bacterial cell could be detected 
in 7 hours (fig. 4). Further studies indicated that the electro- 
chemical method could also be used to detect fecal coliforms 
(ref. 3), and the electrodes were readily adaptable to an in situ 
system. In an extension of these studies, an automated system 
for the in situ monitoring of coliforms in water was developed to 
circumvent many of the current problems of emmerating coliforms, 
viz., sample acquisition, transport, trained laboratory technicians, 
and the 24 to 96 hours to process a sample. In order to adequately 
test the in situ concept for monitoring coliforms, a two-phase 
field evaluation program was conducted. Phase one was conducted 
xn fresh and estuarine waters in the vicinity of the Langley 
Research. Center, Hampton, Virginia, and the second phase was 
conducted at Caven Point, New Jersey, in conjunction with the 
Environmental Protection Agency (EPA) . Reference 4 describes a 
pilot model of the in situ monitoring system and presents the 
results of the field evaluations. 

A number of problems were identified during laboratory and 

the coliform detector. Among the problems were the 
effect of salt concentration on detection time and the occasional 



instability of the commercial electrodes. For example when the 
test system was evaluated using estuarine and freshwater samples 
differences in detection times between stock- cultures and envir- * 
onmental coliforms were observed. Wilkins and Boykin (ref.. 3) 
suggested that a portion of the coliform population present in 
the aquatic environment may be stressed with consequent delay in 
detection times due to exposure of sensitive cells to selective 
media and elevated incubation temperatures. Data resulting from 

exposed to freezing (ref. 32, 32 ')T chlor- 
ination (ref. 20), and freshwater environments (ref. 7. 16. and 19'i 
suggested that injured bacterial cells may remain undetected by 
routine enumeration procedures. ^ 

electrode systems occasionally manifested 
Itself as either a sudden or gradual departure from the baseline 
voltage level. The sudden change in voltage levels generally 
occurs at the beginning of the measurement and gradually reaches 
a steady-state about 1 hour after inoculation. Both instability 
problems have been minimized by appropriate designs in the 
electronics; however, a more reliable electrode would greatly 
simplify the measurement and cost. 

This report presents the results of each task separately 
Section 4 contains the results of the evaluation of salinity and 
temperatures as stress factors. Section 5 contains the results of 
the electrode sensor investigation. 


2 



SECTION 2 


CONCLUSIONS 


SALINITY AND TEMPERATURE STRESS FACTORS 

The ability of an electrochemical detection method to predict 
viable nvimbers of fecal coliforms was evaluated under laboratory 
conditions with respect to seawater adjusted to various salinities 
and temperatures. The viability of an Escherchia coli isolate 
as measured by the spread-plate technique utilizing nonselective 
media was unaffected after 12 weeks exposure at 2oc and 25 ppt 
salinity. At higher temperatures (15-30°C) , both the total 
decrease in cell numbers as well as the rates of die-off were 
greater than at 20c. There was little apparent difference in 
viability across the temperature range 15-30°C. Viability was 
observed to be inversely related to salinity over the range. 10-30 
ppt. Stress was measured using the electrochemical detection 
method (ECDM) , and defined as the difference between the predicted 
endpoint response time (ER) calculated from a standard curve and 
the observed ER time. Seawater of higher salinities generally 
produced greater stress. With respect to temperature, stress was 
at 20OC than at 30®C, while at 2^C stress occurred after 
a prolonged period of starvation. Delayed ER times were attributed 
to (1) a reduction in viable cells upon inoculation of starved 
bacteria into media at 44.5®C and/or (2) an extended lag phase 
prior to logarithmic growth. Medium A-1 was superior to EC for 
enumeration of fecal coliforms in estuarine water samples by 
the ECDM method. ER times occurred sooner and the results were 
more predictable with the former medium. 

STABILITY OF ELECTRODE SYSTEMS 

The experiments to date have resulted in the selection of 
inexpensive materials which can function as a microbe sensing 
probe for use in culture media. If the probe can be manufactured 
at a reasonable cost with good reproducibility, the stainless-steel, 
P^r lodion— coat ed stainless steel system could be used in a variety 
of applications. 
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SECTION 3 


RECOI'IMENDATIONS 


SALINITY AND TEMPERATURE AS STRESS FACTORS 

In order for ECDM to predict coliform levels accurately, it 
would be advisable to perforin additional experiments to determine 
selective media and temperatures most effective for the recovery 
of injured coliforms. Our data indicated that Medium A-1 would 
be preferential to EC at 44.5 C. Moreover, it is essential to 
have accurate standard curves developed using test media at the 
same nutrient and selective agent concentrations and temperatures 
as would be used in obtaining ER data from field samples. It is 
also imperative that low cell concentrations in the range 10" 1 to 
lO'^ cells/ml be used in developing these standard curves. Standard 
curves developed during this study varied depending upon the media 
used, previous cultural history of the organisms, and nutrient 
and/or selective agent concentration in the media. In addition, 
there were suggestions that inocula of different volumes, although 
diluted to the same cell density, could affect ECDM results. 

Additional experiments should also be conducted to determine 
the physiological condition of E. coli (or other bacteria) 
exposed to the environment under a variety of conditions. The 
sensitivity of this method for monitoring stress should be 
examined. A comparison could be made with other techniques 
capable of detecting sublethal stress, i.e., adenylate charge, 
enzyme analyses , or growth on selective versus nonselective 
media. 

This investigation has posed additional questions. For 
example, what role does cryptic growth play in maintaining the 
apparent viability of starved cultures? Postgate and Hunter 
(ref, 27) demonstrated that denser populations of E. aerogenes 
survived longer than sparser ones. Greater stress and viability 
losses might be observed if starvation experiments were conducted 
using cell inocula in the range 1Q3 to 10^ cells/ml. Such 
information would be valuable in further assessing the ECDM as a 
method of monitoring stress. Viability and stress levels should 
be compared using cells starved under hypoosmotic versus hyper- 
osmotic conditions to evaluate whether or not the hjrperosmotic 
environment encountered in these studies provided protection to 
the exposed cells. The degree of leakage of cell constituents 
tinder various conditions of salinity should be determined. 
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STABILITY OF ELECTRODE SYSTEMS 

Based upon results of the electrode system investigations, it 
is recommended that (1) the impedance of the test equipment 
should be more closely matched to that of the commercial electrodes, 
and (2) further tests should be conducted on stainless steel and 
other metals that show promise of functioning as bacteria-sensing 
probes . 

As a corollary to the work on stainless-steel probes, NASA 
Langley Research Center has conducted tests on platintim wire as 
one candidate for the bacteria probe. The results of these tests, 
published in reference 38, show that a linear relationship was 
established between inoculum size and response time. 
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SECTION 4 

EVALUATION OF SALINITY AND TEMPERATURE AS STRESS FACTORS AFFECTING 
THE ENUMERATION OF FECAL COLIFORMS BY THE ELECTROCHEMICAL METHOD 


EXPERIMENTAL PROCEDURES 
Organisms 

Fecal coliforms employed in this study were isolated by enrich- 
ment in lactose broth at 35^0 for 24 hours followed by inocula- 
tion into EC broth at 44.5°C for 24 hours. Isolates were obtained 
from tubes which produced gas at the elevated temperature. All 
isolates were identified using API-20E (Analytab Products, Inc., 
Plainview, New York) , a miniaturized multiple test system for 
identification of enteric bacteria. API profile recognition 
numbers for Escherichia coli isolates were 5 044 552, htirnan fecal 
isolate; 5 044 562, human urinary tract infection isolate; 
and 1 144 562, estuarine water isolate obtained from a sample 
collected from the York River, Gloucester Point, Virginia. Stock 
cultures were maintained on trypticase soy agar (TSA) at 4°C. 

During the course of experimentation, isolates were subcultured 
on TSA three times or less. 

Cell Preparation 

Inocula for seawater survival experiments were obtained from 
exponential phase cultures unless otherwise specified. Isolates 
were grown at 35°C in either trypticase soy broth (TSB) or M-9 
minimal medium which consisted of 6g Na2HP04, 3g KH2PO4, 0.5g NaCl 
Ig NH4CI, 0.13g MgSo4* 7H2O and 5 ml glycerol in 1 liter distilled 
water. The latter two components were sterilized separately and 
added to the remaining components of minimal medium after auto- 
claving. The final pH of the minimal medium was 7.0. Bacteria 
were harvested by centrifugation (1000 x g) at room temperature 
for 10 minutes and washed three times in phosphate buffered saline 
(PBS) at pH 7.2. Cells were resuspended to an optical density 
of 0.2-0. 3 (540 nm) in seawater of selected salinities and 
temperatures . 

Survival Experiments 

A tenfold dilution of the final cell suspension was made 
into 90 ml seawater previously equilibrated to the test temperature 
in 125 ml sterile screw-capped flasks. Seawater at specified 
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salinities was prepared by diluting aged filtered ocean water 
(35 ppt) with reverse osmosis/glass distilled water and 
sterilized by autoclaving. Samples of inoculated seawater were 
removed at various time intervals for enumeration by spread 
plating on TSA and determination of endpoint response (ER) in EC 
and TSB at 44.5°C. Colony counts were made after approximately 
24 hours incubation at 35°C. Total exposure time to seawater 
prior to 0 hour sampling ranged from 2-5 minutes while exposure 
time to media at 44.5°C prior to dilution for plate counts was 
less than 1 minute. All dilutions were performed using PBS at 
room temperature unless otherwise specified. 

Endpoint Response (ER) Determination 

The experimental design for detecting ER time consisted of a 
test tube (25 mm by 100 mm) containing two platinum electrodes 
and 18 ml medium to which 2 ml E. coli seeded seawater was added. 
Tubes were fitted with a No. 4 rubber stopper containing elec- 
trodes of grade A platinum-alloy wire, 24-gauge (0.508 tnm) 
(Englehard Industry, Carteret, New Jersey). Electrodes were 
inserted into slits made in the stopper, and the stopper bomd 
with wire and/or epoxy to prevent electrode slippage. Electrodes 
were designed so that the ratio of their lengths below the surface 
of the medium was 1:4. Sterilization was by flaming over an 
alcohol lamp. The longer electrode was connected to the negative 
terminal and the shorter one to the positive terminal of a strip- 
chart recorder (Model 194, Honeywell Industrial Division, Fort 
Washington, Pennsylvania, or Model SR-204, Heath Company, Benton 
Harbor, Michigan), Recorders were set at a chart speed of 10 
minutes /inch and operated at 0.5 volt (Honeywell) or 1.0 volts 
(Heath) full scale. ER times were measured as the time elapsed 
between challenge and the initial increase in potential difference. 

Environmental Samples 

Estuarine water samples were collected from the York River 
at Gloucester Point or from its nearby tributaries which included 
Yorktown Creek, Sarah Creek, as well as the Northwest and North- 
east branches of Sarah Creek. Sampling sites at all localities 
were subject to varying degrees of pollution from domestic 
sewage and boats. Water samples were collected in sterile 500 ml 
Erlenmeyer flasks and processed within 60 minutes. Simultaneous 
temperature and salinity measurements were made. Parallel fecal 
coliform enumerations were performed using a five-tube most- 
probable-numer (MPN) technique (ref. 1) with lactose enrichment 
at 35°C for 48 hours with subsequent inoculation of positive 
tubes into EC at 44.5®C for 24 hours, or direct inoculation 
into Medixxm A-1 (ref. 5) at 44.5°C for 24 hours. Corresponding 
ER determinations were made by addition of a 100 ml sample into 
each of two 250 ml Erlenmeyer flasks containing 100 ml single 
strength EC or Medium A-1 prewarmed to 44.5°C. Flasks were 
fitted with rubber stoppers containing the appropriate sterile 
platinim electrode configuration as specified above. 
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Standard Curves 


Endpoint response times were determined in EC, TSB, and 
Medium A-1 at 44.5°C for various inocula. Tenfold dilutions of 
an E. coli suspension (urinary-tract isolate) prepared as for 
sur^val experiments were made in 20°C seawater (25 ppt) and 
inoculated into test media. Exponential cultures were pregrown 
in either TSB or M-9 media. The relationship between inoculum 
size and ER time was determined by linear least-squares regression 
analysis, and confidence belts for the linear regression were 
established at the 95 percent confidence level (ref. 31). 

Data Analysis 

During the course of experiments, designed to assess the 
effect of seawater exposure on ER time, the following data were 
collected: coliforms/ml seawater, coliforms/ml medium following 

a tenfold dilution from seawater and ER time in the respective 
media. Standard curves of ER versus coliforms/ml medium were 
analyzed by linear-regression techniques. The ER, predicted from 
the linear-regression line and based on the number of cells/ml 
medium calculated to have resulted from a tenfold dilution from 
seawater, was subtracted from the observed ER. This relationship 
of observed ER minus predicted ER as a functd.on of time in sea- 
water was graphically presented with 95 percent confidence limits 
for y. Stress was defined as the time delay between observed 
ER and predicted ER, and was considered significant when this 
value exceeded the 95 percent confidence limits. 
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SECTION 5 


STABILITY OF ELECTRODE SYSTEMS FOR COLIFORM DETECTORS 


ANALYSIS OF COMMERCIAL ELECTRODE FAILURES 

The following nine "defective” combination electrodes were 
provided by NASA to the University of Virginia (UVA) . They 
were reported to have one of two defects- -erratic baseline or 
no response. ' 


Electrode No. Performance 


RSP-1 

erratic baseline 

RSP-5 

erratic baseline 

RSP-7 

erratic baseline 

RSP-8. 

erratic baseline 

RSP-9 

erratic baseline 

RSP-16 

no response 

RSP-1 7 

no response 

A-1 

no response 

2 . 

no response 


Experiments were performed by comparing at least two electrodes 
known to function properly with a number of the NASA problematic 
electrodes. Typical experiments were carried out by preparing 
a mother culture of tryptic ase soy broth (TSB) which had been 
recently inoculated with a low concentration (10 -/ml), of 
Pseudo monas aeruginosa . The mother culture was then split into 
3-ml samples added to a sterile test tube in which the 
electrode had been placed. The electrodes(up to eight) were 
then monitored for approximately 24 hours. 

All of the electrodes were presterilized by immersion 
in boiling water for a period of 10 minutes. 

The following is a summary of this first set of experiments 
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Electrode No. 

Performance (NASA) 

Performance (UVA) 

RSP-1 

erratic baseline 

OK 

RSP-5 

erratic baseline 

OK 

RSP-7 

erratic baseline 

erratic baseline 

RSP-8 

erratic baseline 

OK 

RSP-9 

erratic baseline 

OK 

RSP-16 

no response 

erratic baseline 

RSP-17 

no response 

erratic baseline 

A-1 

no response 

OK 

2 

no response 

no response 


These results indicate that a fundamental disagreement 
exists between University of Virginia (UVA) procedures/apparatus 
and thos6 at NASA for at least five of the nine electrodes . For 
those which displayed "erratic baseline" in UVA experiments, the 
deviation was much less severe (10-40 mV) than that reported at 
NASA. Only electrode 2 failed completely, in agreement at NASA 
and UVA. On examination, the reason for this electrode’s failure 
was apparent in that there was a large leak of KCl at the rate 

of about 0.2 ml/minute. When arrested, this electrode performed 
favorably. 

In view of the fact that with this one exception, the UVA 
experiments gave either less severe problems or no problems at 
all (in five cases) , attempts were made to compare the differences 
in the UVA equipment and that at NASA. Communications with 
Dr. Judd Wilkins at NASA indicated there were no significant 
procedural differences in either the microbiology or electrode 
preparation procedures. However, it was learned recently that 
there is a fundamental difference in the test equipment: namely, 
the input impedance of the electronics. The NASA equipment has’ 
ai^liriput impedance of approximately 10^^ whereby UVA's is about 

10 , Independent of this effort , Wilkins found that by lowering 

the impedance of the NASA system many, but not all, of the 
electrode problems were reduced. 

’ UVA has recently proceeded with an examination of RSP-7, 16, 
and 17, which still did not perform properly. Reducing the 
concentration of electrolyte in the electrode from saturated KCl 
to 0.9 percent NaCl diminished the possibility of salt clogging 
the fritt. This seemed to straighten out the baseline, but also 
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reduced the overall response about 25 percent. This change from 
a saturated calomel electrode (SCE) to a normal calomel electrode 
(NCE) should only change the baseline of the reference electrode 
from +0.226 to a slightly less positive value according to the 
Nemst equation. Since the platiniam electrode moves in the 
same direction with micro-organism growth (in the negative 
direction) , the switch from a SCE to a NCE is consistent with a 
slightly smaller response. 

DEVELOPMENT OF A COST-EFFECTIVE DETECTION PROBE 

This part of the report describes the series of experiments 
performed between October 1, 1977, and March 6, 1978, at the 
Applied Electrochemistry Laboratory, University of Virginia. 

The goals of these experiments were 

To develop an electrochemical probe with the following 

features : 

a. Capable of detecting organism growth in standard 
culture media. 

b. Potentially low enough in cost to be disposable 
if manufactured in quantity. 

Variables investigated: 

1. Membrane type and application 

2. Electrode materials 

3. Media 

4. Microbe 

All development tests were carried out on an electrode system 
with one exposed surface and another (reference) electrode coated 
with a membrane. 

Membrane Selection 

Experiments 1 through 14: using TSB and P. aeruginesa. - 

All variables were held constant with the exception of membrane 
type and application. Membranes studied were agar, 7 percent 
Parlodion dissolved in acetone, 7 percent Parlodion dissolved 
in amyl acetate, and a natural fruit membrane. Agar as a membrane 
was initially investigated by covering an electrode placed in 
the bottom of a test :tube. This test-tube application showed 
good response to microbe growth; but as a thin surface coating 
on stainless-steel wire*, it was not conducive to microbial 
detection when used in a stainless-steel wire — stainless-steel 
needle coaxial electrode arrangement. 

*earlier electrode research by Stoner has shown that 304 stain- 
less steel is a suitable electrode material. 
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The 7 percent Parlodion (dissolved in acetone) membranes 
were studied on the basis of applying the material to the stainless- 
steel wire surface to give maximum response and reliability when 
used in the coaxial configuration. Membranes were dried at, room 
temperature (approximately . Note that all membranes were 

single application to stainless-steel wire. 

Seven percent Parlodion (dissolved in amyl acetate) was 
investigated. It was shown that this membrane, applied as a 
thin coat and dried at approximately 70° C, was better than all 
other membrane materials tested. 

Exp eriments 15 through 19; Membrane Optimization Using 
TSB and^ P. aeruginosa .- This set of experiments was performed to 
evaluate the optimum method for producing a uniform membrane 
(7 percent Parlodion dissolved in amyl acetate) coating on the 
stainless-steel wire. A single application with only the tip 
of the stainless-steel wire dipped a second time to cover any 
sharp edges proved to be more effective than applying either 
an all-over single coat or double coat of membrane material. 

The reason was twofold: 

1. A double coating increased resistance between wire 
and needle thus making probe impedance too high. 

2. A single coating did not sufficiently cover burrs at 
the end tip of the wire used in some probes thus causing shorting 
of that probe. 

Pretreatment of the stainless-steel wire surface was also 
studied. Acid roughening and sanding of the wire indicated no 
significant increase in detection sensitivity or baseline 
stability. 

At this point, the following assembly protocol was produced. 

If followed, this assembly procedure gave consistently reproduc- 
ible results for all systems tested to date. It must be pointed 
out that these experiments were performed in test tubes with 
seeded cultures. 

Preparation of Disposable Needle Electrodes- 

Materials : 18 gauge stainless-steel disposable hypodermic 

needle; 0.014-inch diameter stainless-steel wire (hypo- 
grade); Parlodion (cellulose nitrate) ; amyl acetate; cotton. 

1. Cut stainless-steel wire into 3-inch lengths (if available 
use V-portion of wire snippers to reduce rough edges at tip) . 

2. Soak in acetone for 10 or more minutes — then wipe off. 
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3. Soak in alcohol (Ethyl) for 10 or more minutes — wipe off. 

4. Premake membrane solution; 7 percent cellulose nitrate 
by weight into amyl acetate (assume that amyl acetate density 
is 1 gm/cc) . 

5. Dip cleaned wires into membrane solution. Pull out 
very slowly. A slow velocity will allow the surface tension 
of the solution to pull excess solution off the wire. 

6. Dry wires by hanging them in an oven at 65-75°C for 
15 minutes . 

7. Redip the tips (forming small bead at end to assure 
coverage of sharp edges) and let dry 15 minutes in the oven. 

8. Insert membrane coated wire into the syringe end of 
the hypodermic needle being careful not to bend or scrape 

the wire on the needle. When the wire comes to the sharpened 
end of the needle, stop and bend remaining wire over syringe 
end of the needle. 

9. Insert small piece of cotton inside syringe end of 
needle to secure wire and allow venting. 

All the remaining experiments were performed with probes 
made according to the assembly procedure described. 

Experiments 20 through 24, 30. Using TSB and P. aeruginosa . - 
Experiments were conducted to determine type of electrode material 
most applicable in manufacturing electrode detection unit (i.e., 
coaxial wire and needle assembly) . Optimum electrode materials 
were found to consist of straight 28-gauge stainless-steel wire 
(0.014-inch diameter) and 18-gauge 1 1/2-inch, stainless-steel 
disposable needles. Commercially prepared coaxial tubing was 
also tested and showed poor adaptability to this process. 

Problems were encountered with these experiments until the 
coated center wire was obtained in stiffened and straightened 
form. Soft wire or wire which had been wound on spools had a 
tendency to short-out against the needle. 

Experiments 27, 28, 31, 32, 33: System Evaluations Using 

Various Media and P. aeruginosa .- These experiments were designed to 
evaluate the detection system using various media that are used 
in clinical BCB. Columbia broth with 10 percent sucrose and 
certoid, thioglycolate, and brain-heart infusion were evaluated. 

All had 0(+) blood added (10 percent by volume). The Columbia 
and thioglycolate broths were also evaluated without the addi- 
tion of blood. Results from all of these experiments showed good 
baseline stability with good, clear deflections in output poten- 
tial indicating microbe detection. Experiments using a 10 percent 
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blood addition achieved baseline stability , in less time than 
experiments studied without the blood addition. 

Experiment 34; Using Four -Wire Electrodes.- This experiment 
'^as designed to show the characteristic behavior of 304 stainless - 
steel wire in both a coated (with 7 percent Parlodion) and 
non-coated condition when placed in Columbia broth that has 
been inoculated with P , aeruginosa. There were two coated wires and 
two non-coated wires, ail of which were placed into the same 
solution. One coated wire was selected as a common reference for 
the remaining test elect rodes When tested with the other coated 
wire, the results indicate that both wires experienced the same 
changes thus producing no net change in potential. Testing the 
coated reference wire with respect to the non-coated wires 
produced the characteristic detection deflection in potential. 

Both responded at the same time and with the same level of 
potential change. 
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SECTION 6 


RESULTS 


Linear regression analysis of standard curve results indicated 
that both the previous cultural history of the inoculum and the 
medium used to measure endpoint response affected ER detection 
times. Using TSB as the test medium to measure ER times, cells 
pregrown in either TSB or M-9 gave standard curves with similar 
slopes, correlation coefficients, and standard errors of the 
estimate (figs. 4 and 5). In contrast, using EC as the test 
medium, TSB pregrown cells gave a standard curve with a smaller 
correlation coefficient and a higher standard error of the 
estimate (fig. 6). When transferred into EC, both M-9 and TSB 
pregrown cells produced standard curves with steeper slopes and 
greater ER time intervals compared with cells transferred into 
TSB (figs. 6 and 7). 

A series of experiments were conducted to evaluate E. coli 
viability in seawater and post-starvation behavior in various 
test media as a function of salinity and temperature. E. coli 
(urinary tract) growing exponentially in M-9 was inoculated into 
seawater of various salinities. The greatest rate of decline 
in viable counts occurred during the first 2 days, rates of which 
increased directly with salinity (fig. 8). Although two experi- 
ments each were conducted at 2Qoc and 30®C, no clear effect of 
temperature with respect to viability was evident. Average 
E. col i decreases after 2 days were 0.1, 0.6, 1.1, and 1.9 log 
units at 20°C and 0.3, 0.7, 1.2, and 1.7 log units at 300C in 
10, 15, 25, and 30 ppt, respectively. 

When the data were analyzed with respect to ER determinations , 
stress as previously de_fined. was evident as a function of salinity, 
temperature, and test media (figs. 9 and 10). In starvation 
studies conducted at 20°C, stress was more pronounced in EC 
than TSB and increased with increasing salinity. Generally, 
maximtim stress developed after 2 days of starvation and, there- , 
after, decreased. Cells starved at 30°C showed little evidence 
of stress except at 30 ppt salinity when transferred to EC. 

A similar study was conducted using an E. coli strain isolated 
from estuarine water, pregrown in M-9, and starved in 10 ppt 
and 25 ppt seawater at 20°C. This isolate was more refractory 
to starvation and salinity effects than the preceding isolate 
which was obtained from a human host. After 15 days in seawater, 
there was no decrease in viable cell count in 10 ppt seawater, 
whereas a 0.9 log unit reduction had occurred in 25 ppt 
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seawater. Stress resulting from starvation at either salinity in 
terms of prolonged ER time was not observed (fig. 11). 


A study was conducted to determine if cell death in the test 
media contributed to the increases in ER seen under different 
conditions. The observed log number of E. coli in the test 
medium minus the predicted E. coli number calculated from the 
viable count in seawater was plotted against time of starvation 
With respect to the urinary tract isolate, the greatest differences 
between observed and anticipated bacterial levels occurred in EC 
as opposed to TSB (figs.]^2A and 12B) and were generally accompanied 
by prolonged ER values (figs. 9 and 10). In contrast, the 
estuarine water isolate, which showed no evidence of starvation 
stress also showed little if any reduction in cell number upon 
exposure to EC or TSB (fig. 13). Although the data suggested that 
delayed ER times were related to cell death upon exposure pri ma rily 
to the selective medium EC at the elevated temperature, all the 
results could not be explained solely on this basis. For instance 

after exposure to 30 ppt seawater at 2 0°C 
and 30 C was approximately the same after 5 and 8 days starvation 
whereas significantly prolonged ER times were observed only at 
the earlier time interval. Therefore, growth in EC and TSB was 
exgmined after various exposure periods to 25 ppt seawater at 
zu C. Figure 14 illustrates that upon inoculation into EC, 
starved cells evidenced a decline in viable count for approximately 

1 hour with the lag period extended an additional hour after 

2 days but not after 8 days starvation. Similar effects were not 
observed in TSB nor was there an apparent effect on growth rate in 
either medium. 


A series of experiments were initiated to evaluate the impact 
of prestarvation history of the inoculum on viability in seawater 
and on the post- starvation behavior in test media at 44.5°C. The 
urinary tract isolate was grown under the following set of condi- 
tions: (a) exponential phase in minimal medium (M-9) , (b) sta- 

tionary phase in a rich medium (TSB), and (c) exponential phase 
in a rich medium (TSB) . Treated cultures were then inoculated 
into 25 ppt seawater at different temperatures. Exponential 
phase ceils from M-9 and stationary phase cells from TSB showed 
similar viability profiles (fig. 15). Maximum cell death 
occurred during the first 3 days of starvation and ranged from 
0.7 to 1.2 log units. In contrast, exponentially grown TSB cells 
were more sensitive to starvation with a reduction of 2.3 log 

at^35^C^(f'^ ^15cJ 20^C and 4.2 log units after 1 day 

Similarly, cells grown exponentially in TSB, followed by 
starvation in seawater, showed an aberrant post-starvation 
behavior in test media at 44.5°C. After starvation in 25 ppt 
seawater at 20°C, TSB-grown cells evidenced greater die-off when 
iiitroduced into either' TSB or EC at 44.5^C than was previously 
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observed with M-9 grown bacteria (figs. 12A and 12D) . Use of 
PBS at room temperature as diluent for serial dilution and 
plating may have contributed to this apparent die-off. For 
the cells starved at 35 C, TSB prewarmed to 35°C was used as 
diluent, and this apparent cell die-off was not observed (fig. 12C) . 
Stress as measured by an increase in observed minus predicted ER 
time was more obvious in the TSB pregrown culture starved at 
20°C than at 35°C (figs. 16 and 17). This stress occurred earlier 
than in the M-9 pregrown cultures, as soon as 5 hours after 
exposure to seawater. The degree of sublethal stress at 35°C 
was probably obscured by the rapid loss of viability. 

The effects of cold- temperature starvation on viability and 
sublethal stress were determined for an E. coli isolate obtained 
from human feces. It should be noted that this culture differed 
from the other isolates in having been maintained on artificial 
media approximately 6 months prior to experimentation while other 
isolates were used immediately after isolation with laboratory 
maintenance not exceeding 2 months. The fecal isolate was grown 
in M-9 and inoculated in 25 ppt seawater at ,20c. After a 
3-week starvation period, no die-off was evident with the maximum 
reduction of 0.4 log units occurring by 12 weeks. However, ER 
times increased dramatically, especially in TSB indicating the 
existence of sublethal stress (fig, 18). The increase in ER 
represented increased lag time and/or decreased growth rate since 
very little cell die-off occurred when the starved cells were 
introduced into test media at 44.50C (fig. 19). Growth of this 
same fecal isolate in EC and TSB following starvation in 
25 ppt seawater at 20°C revealed a longer lag time in TSB as 
starvation progressed (fig. 20), In contrast, growth curves 
of the urinary- tract isolate following starvation revealed increased 
lag times in EC (fig. 14). These data illustrated that length 
of exposure to artificial media was an important aspect to be 
considered in conducting seawater survival experiments. 

Standard curves were developed for use in detecting stress 
in field isolates (figs, 21 and 22). For these studies, one 
part TSB pregrown inocultim was added to one part single -strength 
Medium A-1 or EC at 44.5°C. The ER times in Meditim A-1 were 
shorter than those in EC for similar inoculum levels with time 
differences decreasing as the inoculum size increased. Introduc- 
tion, of • a larger volume of inoculum, resulting in dilution of 
selective agents as well as reduction in the medium temperature 
probably contributed to more consistent results and earlier 
ER values as compared to previous standard curves in EC using 
TSB grown inocula (fig. 6). 


Similar results were noted when field samples were diluted 1:1 
into single— strength test media. The ER times occurred 2 to 11 
hours sooner in A-1 than in EC with a mean difference of approxi- 
mately 5 hours. When compared to the standard curve, field samples 


17 



inoculated into A-1 gave ER values extended by mean values of 0.6 
and 0.9 hour for samples collected from waters with mean tempera- 
of 14®C and 29®, respectively. Since the standard error 
of the estimated y(Sy) at too5 the A-1 standard curve was 

+0.7 hour these results did hot indicate that the cells had been 
greatly stressed at either temperature range. 

Corresponding field samples processed in EC produced ER 
times with mean deviations from the predicted times of +1.65 hours 
for samples taken from cooler waters (X = 14®C) and -1.78 hours 
for samples taken from warmer (X = 29®C) waters. Since the 
standard error of the estimated y for the standard curve in 

+1.14, and since the number of sampling points was 
limited, the guestion as to whether or not fecal coliforms in 
our environmental samples were stressed remains unresolved. 

DISCUSSION 

Fecal coliforms introduced into the estuarine environment 
are exposed to various physiochemical and biological fc.ctors 
which contribute to viability losses. For example, dilution, 
adsorption to particulates (ref. 12), sedimentation, sunlight 
(refs. 6 and 13), organics (refs. 14, 24, 26, 30, 35), salinity 
(ref. 9), temperature (refs. 12, 25, 36), dissolved oxygen 
(ref. 12 ), heavy metal toxicity (ref. 17), algae (ref. 21), 
bacteria (refs. 18, 22, 23, 29), bacteriophage (ref. 10), and 
protozoa (refs. 11, 22), have all been discussed. In addition, 
researchers have suggested that a portion of the coliform popula- 
tion may be sublethally stressed following exposure to the aquatic 
environment (refs. 7, 39). 

Studies at the Virginia Institute of Marine Science have 
been limited to the effects of three variables — salinity, 
temperature, and previous cultural history on viability and stress 
of fecal coliforms. Although the data showed that viability of 
E. coli was inversely related to salinity, a similar relationship 
with respect to temperature was not as evident. Cells at 15, 

20, 30, and 35®C showed similar viability profiles, although at 
35®C, there was a continued loss of viability after the initial 
sharp decline in bacterial mombers. A negligible loss of 
viability .was demonstrated after 85 days of exposure to 2®C 
seawater (25 ppt) . Cryptic growth may have occurred thus 
obscuring viability losses since the initial bacterial levels 
in seawater in all of these experiments ranged from approximately 
10^ to 5 X 107 cells/ml. 

The literature suggests that Enterobacter (as Aerobacter) 
aerogen s exposed to either distilled water or buffer solutions 
at low temperatures displays loss of permeability control which 
results in leakage of cellular constituents with a progressive 
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and rapid loss of viability (refs. 33 and 34). In the absence of 
pronounced cell death in otar experiment at 2<^C, it could be 
hypothesized that the hyperosmotic environment provided by 
25 ppt seawater protected chilled cells by decreasing the 
diffusion rate of cellular constituents. 

The most dramatic differences between viability profiles 
were observed to be a function of cultural history. Cells 
harvested during exponential phase from a rich medixim (TSB) 
were more sensitive to seawater than either exponential cells- 
from minimal media M-9, or stationary phase cells from TSB. 
Although it is tenuous to extrapolate laboratory results to the 
estuarine environment, our findings are of value to those 
concerned with estuarine modeling studies involving the determina- 
tion of coliform die-off coefficients. The previous history of 
coliforms introduced to the estuary could affect survival. For 
example, the physiological fate of E. coli derived from untreated 
sewage or other rich organic millieux, as opposed to immediate 
storm water runoff, may differ when discharged into the estuarine 
environment. 

Little actually is known about the physiological changes 
that occur in E. coli • in the estuarine environment. There is 
no doubt that the organisms develop different levels of sublethal 
stress depending upon the conditions encountered. Reports in 
the literature suggest that difficulties in analyzing water 
samples using membrane filter techniques may be due to the 
fragility of sublethally stressed organisms. These organisms 
may undergo mechanical destruction during the filtration 
process or be killed by selective media used in the enumeration 
procedure (ref. 15) . New techniques have been devised to deal 
with sublethally stressed organisms — some involved a period of 
resuscitation in a nonselective media (refs. 7 and 37) ; others 
use a sandwich technique involving nonselective and selective 
media (refs. 28 and 32) . 

The electrochemical detection method (ECDM) assays the time 
required for the inocul\am to become metabolically active and 
reach a critical cell density. Wilkins and Boykin (ref. 3) 
suggested that ECDM might provide a rapid and inexpensive method 
for monitoring coliform levels in the estuarine environment. 
However, it was not clear how the presence of stressed cells would 
affect the reliability of the ECDM results. The VIMS studies 
were concerned with what conditions of salinity, temperature, or 
previous cultural history would produce the highest levels 
of sublethal stress as determined by ECDM. In addition, estuarine 
water samples were collected for analysis by ECDM and by standard 
MPN techniques to determine if stress in environmental coliforms 
could be detected. 
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It was obvious from the data collected that ECDM could detect 
stress induced in laboratory coliform populations. Stress was 
particularly evident in cells exposed to 25 and 30 ppt seawater 
at 20°C. At 30OC, stress was detected only in those cells 
exposed to the highest salinity (30 ppt). When kept in seawater 
at 20C (25 ppt) , cells developed significant stress only after a 
long exposure even though there was little loss in viability. 
Pronounced stress was also observed in samples of E. coli pregrown 
in a rich medium. The data suggested that prolonged ER times may 
be due to immediate cell die-off as the starved cells encounter the 
test media at 44.5oc and/or an increase in lag time. 

When a limited number of environmental samples were analyzed 
by the ECDM method, stress was not apparent. All of the VIMS 
samples were collected in the immediate vicinity of a known 
point pollution source. The organisms sampled were likely to 
have had a short residence time in the estuarine environment 
and this could explain the absence of pronounced stress. 
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Figure 1. - Experimental setup for performing hydrogen response measurements. 
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Figure 3. - Relationship between Inoculum size and length of lag period, 
(Correlation coefficients for the lines fitted by the method of 
least souares.) \ii 
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Figure A Relationship between inoculum size and the time of endpoint response in TSB at 
44.5°C when inocula (urinary tract isolate) were pregrown in TSB at 35°C. A 
linear least-squares regression calculation gave a correlation coefficient of 
-0.99 (N = 8) with an intercept of 7.39 and a slope of -0.98. The standard 
error of estimate at the 95 percent confidence level was j^O.37. -28- 
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Figure 5V Relationship between inoculum size and the time of endpoint response in TSB at 
44.5®C when inocula (urinary tract isolate) were pregrown in M- 9 medium at 
35°C. A linear least-squares regression calculation gave a correlation coeffi- 
cient of -0.98 (N = 22) with an intercept of 8.07 and a slope of -1.05. The 
standard error of estimate at the 95 percent confidence level was 1 0.54. ^29 
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Figure 6). 
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Relationship between inoculum size and the time of endpoint response in EC at 
44.5°C when inocula (urinary tract isolate) were pregrown in TSB at 35°C. A 
linear least-squares regression calculation gave a correlation coefficient of 
-0.77 (N = 12) with an intercept of 9.97 and a slope of -1.16. The standard 
error of estimate at the 95 percent confidence level was.+ 2.67. -30- 
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Figure 7 ^ Relationship between inoculum size and the time of endpoint response In EC at 
44.5°C when inocula (urinary tract Isolate) were pregrown in M-9 medium at 
35®C. A linear least-squares regression calculation gave a correlation coeffl- 
cent of -0.97 (N = 20) with an Intercept of 9.41 and a slope of -1.25. The 
standard error of estimate at the 95 percent confidence level was + 0.73. 
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20®C 


30"C 


Comparison of viability of E. coli at 20°C and 3QOC at various 
salinities. Prior to starvation the isolate (urinary tract) 
was pregrown in M-9 medium. at 35°C, Salinity: A=10 ppt, 

B=15 ppt; C= 25 ppt, and D = 30 ppt, _ 
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Figure 8 




Observed ER Minus Predicted ER (Hours) 



Salinity 

® ^ 10 ppt 

A A 15 ppt 

□ — O 25 ppt 

X M 30 ;ppt 

Figure Effect of starvation at 20®C in seawater of various salinities on the 
endpoint response (ER) of E. coli inoculated into either EC or TSB at 
44.5°C. Prior to starvation the isolate (urinary tract) was pregrown 
• in M-9 medium at 35°‘C, Viable counts determined using PBS diluent at 

room temperature. 
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Observed ER Minus Predicted ER (Hours) 



Days in Seawater 

Salinity 

O O 10 ppt 

A A 15 ppt 

□ □ 25 ppt 

X— X 30 ppt 

Figure lb. Effect of starvation at 30°C in seawater of various salinities on the 
endpoint response (ER) of col i inoculated into either EC or TSB at 

44.5°C. Prior to starvation the isolate (urinary tract) was pregrown 
in M-9 medium at 35°C. .Viable counts determined using PBS diluent at 
room temperature. 
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Observed ER Minus Predicted ER (Hours) 



Salinity 

o o 10 ppLt _ 

□ □ 25 ppt I ; 


Figure 11. Effect of starvation at 20°C in seawater (10 ppt and 25 ppt) 
on the endpoint response (ER) of E. coli inoculated into 
either EC or TSB ,at 44.5°C. Prior to starvation the 
isolate (estuarine water) was pregrown in M-9 medivim at 35°C. 
Viable counts' determined using PBS diluent at room temperat\ire . 
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Figure 12. Effect of starvation at different temperatures in seawater of various sa- 
linities on the enumeration of E. coli (urinary tract isolate) immediately 


following a ten- fold dilution into either EC or TSB at 44.5°C. Bacteria 
pregrown in M-9: A. Seawater temperature = 20°C, PBS diluent at room 

temperature and B. Seawater temperature = 30°C, PBS diluent at room temper- 
ature. Bacteria pregrown in TSB: C. Seawater temperature = 35°C, TSB 

diluent at 35°C and D. Seawater temperature = 20°C, PBS diluent at room 


+ pmnpy*Af lirp . 


r 




•r- 

-o 



Salinity 

O— — O 10 ppt 

□ — □ 2'5 ppt- 


Figure 13. Effect of starvation at 20°C in seawater (10 ppt and 25 ppt) 
on the enumeration of E, coli immediately following dilution 
into either EC or TSB at 44.5°C. Prior to starvation 

_ the isolate (estuarine water) was pregro wn in M-9 medium at 

35°C . Viable coimts Determined using PBS diluent at room 
_ temperature, 
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Figure 14. Growth of E. coli in EC and TSB, 44.5®C after 0, 2, and 8 

days starvation at 20^C in seawater (25 ppt) . . . Prior to 

starvation the isolate (urinary tract) was pregrown in M-9 
meditm at 35°C. — 
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Figure 15. 


Days in Seawater 

Viability of E. coli at various temperatures in seawater (25 ppt) 
(a) Exponential phase bacteria pregrown in M-9 medium at 35°C. 

(B) Stationary phase bacteria pregrown in TSB at 35®C. 

(C) Exponential phase bacteria pregrown in TSB at 35°C. 
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Figure 16. Effect of starvation at 20"C in seawater (25 ppt) on the endpoint 
response (ER) of £. coli inoculated into eitlier EC or TSB at 44.5®C. 
Prior to starvation the isolate (urinary tract) was pregrown in TSB 
at 35°C. Viable counts in both experiments determined using PBS at 
room temperature. Expt. 1 □ □ and Expt. 2 ■ ■ . 
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Figure 17.. Effect of starvation at 35®C in seawater (25 ppt) _on the endppint 
response (ER) of col i inoculated into either EC or TSB at 44i5®C. 

Prior to starvation the isolate (urinary tract) was oregrown in TSB 
at 35“C. Viable cbunts determined using PBS (a a) at room tem- 
perature or TSB (■ ■) at 35®C. 
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Figure 18. Effect of starvation at 2°C in s^awater,_(^5__pp^- on the endpoin.t ^ 

^ ' response (ER) of E . ' coli inoculated into either EC or TSB at 4^. 

Prior to starvation the isolate (feces) was pregrown in M-9 mediim at 
35°C. Viable counts determined using PBS diluent at room temperature. 
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Figure 19. Effect of starva tion at 29c 


of E. coli immediately following a tenfold dilution into either EC or 
TSB at 44,5°C. Viable counts determined using PBS diluent at room 
Jtemnerature. • 
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Figure 20. Growth of E. coli in EC and TSB, 44,5°C after 20 and 

67 hours starvation at 20°C in seawater (25 ppt) . Prior 
to starvation the isolate (feces) was pregrown in M-9 
■ medium at 350C. 
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Figure 21, Relationship between inoculum size and the time of endpoint response in 
half-strength Medium A-1 when inocula were pregrown in TSB at 35°C. A 
linear least-squares regression calculation gave a correlation coeffi- 
cient of -0.97 (N = 12) with an intercept of 6.71 and a slope of -0.84. 
The standard error of estimate at the 95 percent confidence level was + 
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Figure 22 . 


Relationship between inoculum size and the time of endpoint response in 
half-strength EC at 44.5®C when inocula (urinary tract isolate) were 
pregrown in TSB at 35°C. A linear least-squares regression calculation 
gave a correlation coefficient of -0.99 (N = 9) with an intercept of 
12.17 and a slope of -1.91. The standard error of estimate at the 95 
percent confidence level was i 1*1^* _ ^ 
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